In patients with acute respiratory failure treated by high frequency jet ventilation (HFJV) arterial oxygenation is dependent on the resultant value of mean airway pressure Benhamou et al., 1984) . In such patients, mean airway pressure (P A w)
an( i ^m& volume must be increased to overcome the decrease in functional residual capacity which is characteristic of most acute restrictive lung diseases. P AW can be increased either by adding a PEEP valve to the expiratory circuit of the jet ventilator, or by increasing the inspiratory: expiratory ratio (I:E ratio) or the driving pressure. Most groups of workers have used the "PEEP method" to increase the intrathoracic pressures and improve Pao, in patients or animals with acute respiratory failure (Carlon et al., 1981; Schuster et al., 1981; Davey and Leigh, 1982; Schuster, Snyder and Klain, 1982; Carlon, Howland et al., 1983; Carlon, Ray et al., 1983; Meeuwis, Vaes and Klain, 1983) . However, at present, controversy exists as to the best method of increasing P AW during HFJV. In terms of gas exchange, is it better to increase I:E ratio or the driving pressure? Is it necessary to use a PEEP valve? To clarify these points a prospective study was undertaken in patients with acute respiratory failure.
PATIENTS AND METHODS

Patients
Seven critically ill patients (table I) with acute respiratory failure were studied. All were sedated with large doses of morphine 0.5 mg kg" 1 (Rouby et al., 1981) , were free from chronic obstructive pulmonary disease, had systemic and pulmonary arterial catheters inserted previously for cardiovascular monitoring and were in a stable haemodynamic condition at the time of the study. Informed consent was obtained from the patients' relatives and authorization was given by the effect. A blender enabled this additional gas to be delivered at the same Fi O| as that in the jet stream. The third limb of the three-way swivel adaptor allowed expiration to atmosphere or via a Siemens PEEP valve. Airway pressure was measured using a 1.65-mm polyethylene catheter advanced into the trachea 10 cm beyond the distal tip of the injector cannula and connected to a calibrated quartz pressure transducer (Hewlett-Packard 1290 A). The catheter, tubing and transducer were filled with air and the entire system was calibrated to a frequency response of 5 Hz. Mean airway pressure (P AW ) was obtained by electrical damping of the signal.
Haemodynamic measurements
Arterial pressure was measured via a cannula in a radial artery connected to a calibrated quartz pressure transducer (Hewlett-Packard 1290 A). Cardiac output and cardiac filling pressures (right atrial, mean pulmonary arterial and pulmonary wedge pressures) were measured using a 7-F triple-lumen thermistor-tipped catheter (Edwards Laboratories). Cardiac output was determined serially on four occasions (thermodilution technique with iced 5 % glucose in water and dedicated computer (Model 15055 A Hewlett-Packard)). Cardiac filling pressures were measured using a calibrated quartz pressure transducer (HewlettPackard 1290 A) positioned at the mid-axillary line. On-line recordings of each haemodynamic index were used to calculate mean pressures. Samples of systemic and pulmonary arterial blood were withdrawn simultaneously within 1-min of the measurements of cardiac output. Pa,;,,, Pv Ol , haemoglobin concentration and oxygen saturations (Sa Ot and Sv Ol ) were measured using a Co-oximeter 182. Arterial and mixed venous oxygen contents (Cao t and CVQ,) were calculated using standard formulae.
Plan of investigation
All patients were ventilated with HFJV using Fi Ot = 1 and a constant respiratory frequency of 250 b.p.m. In each patient, P AW was increased so as to increase the Pao, (Flo, = 1) above 33.3 kPa. The desired level of P AW was obtained by the application of three different techniques applied in a random order: technique A: I:E ratio 0.43, driving pressure 2.9 ±0.5 bar, expiration at atmospheric pressure; technique B: i:E ratio 1.0, driving pressure 1.9 ±0.4 bar, expiration at atmospheric pressure; technique C: I:E ratio 0.43, driving pressure 1.8 ±0.3 bar, expiration via a PEEP valve. For each method, the jet gas volume delivered by the ventilator was measured using a water-sealed spirometer and the mean values delivered during each method are summarized in pH, Pa COl and P AW were measured. Cardiac index (CI), stroke index (SI), total vascular resistance (TVR), pulmonary vascular resistance (PVR), arteriovenous oxygen content difference (Ca Ot -Cv Ot ), oxygen consumption (^o,) and shunt fraction (Qs/Qt) were calculated using standard formulae. All data obtained with the three methods were expressed as mean ± SD and were compared using analysis of variance and Student's paired t test. Values of P < 0.05 were considered statistically significant. 
RESULTS
Results are summarized in table III. There were no significant differences between the three techniques in Pa Ot or Qs/Qt ( fig. 2) . Nevertheless, Qs/Qt was slightly increased with techniques B and C when compared with A.
The introduction of a PEEP valve induced a respiratory acidosis with a significant increase in Pa COl . The value of Pac Oj was significantly greater with technique B than with technique A (fig. 3) .
During technique C, there were significant increases in RAP, MPAP, HR, CI, PVR and Pv Ot when compared with technique A. MPAP, CI, PVR and Pv Ot were significantly higher with technique B than during technique A. There were no significant differences in MAP, SI, TVR and POj between the three techniques.
DISCUSSION
In this study, seven patients with acute respiratory failure were ventilated for a short period with. HFJV. Arterial oxygenation was improved in each patient by increasing P AW to 20 cm H 2 O using three different techniques: high driving pressure, low I:E ratio, no PEEP valve (technique A); high i:E ratio, low driving pressure, no PEEP valve (technique B); low driving pressure, low I:E ratio, use of a PEEP valve (technique C). The data demonstrated clearly that the improvement in arterial oxygenation resulting from the increase in P AW was not dependent on the method used. Pa Ot and Qs/Qt were improved to the same degree by using a high I: E ratio, a high driving pressure or by adding a PEEP valve to the expiratory circuit. These results are in keeping with previous studies Benhamou et al., 1984) showing that HFJV per se creates a " PEEP effect" at the alveolar level and increases mean lung volume above apnoeic functional residual capacity. In patients with stiff lungs, this " distending effect'' depends mainly on i:E ratio and driving pressure and little on respiratory frequency . Since /%}, and venous admixture seem to be closely related to P Ayv , which in turn is mainly influenced by l:E ratio and driving pressure, it is hardly surprising to find that increasing I: E ratio or driving pressure proved as efficient as the use of a PEEP valve in improving arterial oxygenation. On the other hand, we should point out that a high driving pressure, and an increase in i:E ratio and PEEP cannot be used simultaneously without provoking a dramatic increase in P AW and lung volume and, consequently, some depression of cardiovascular function.
Although arterial oxygenation seemed to be influenced by the absolute value of P AW and not by the method by which it was increased, carbon dioxide elimination, in contrast, seemed to be affected markedly by the method used. Normocapnia was obtained in all patients using technique A (increase in driving pressure and low I: E ratio). Hypercapnia occurred with technique B (increase in I :E ratio and low driving pressure). Respiratory acidosis developed in all patients when a PEEP valve was used (technique C). An increase in cardiac index and pulmonary hypertension coincided with these increases in Pa COt . Such haemodynamic variations related to hypercapnia and respiratory acidosis have been well documented (Barer, Howard and McCurrie, 1967; Pry s-Roberts et al., 1968) . Until now, the means by which carbon dioxide is eliminated during HFJV have not been completely understood-mainly as a result of the lack of any satisfactory technique for measuring the tidal volume delivered to the patient. Three basic problems exist when measuring tidal volume during HFJV. First, tidal volume depends on the addition to the jet gas volume delivered by the ventilator of an additional volume entrained by the venturi effect. This implies the presence of a continuous flow of gas, which complicates the measurement of tidal volume. Second, in most HFJV devices it is impossible to separate the inspired and expired gases, so that conventional volume meters cannot be used. Third, variable pressure-decrease flowmeters do not have a sufficiently high frequency response to follow the rapid changes in flow in the upper airways. For these reasons we were unable to measure tidal volume accurately under the clinical conditions of this study. Nevertheless, carbon dioxide elimination is likely to be a function of tidal volume during HFJV. This has already been demonstrated for high frequency positive pressure ventilation (Jonzon et al., 1971) , another type of high frequency ventilation similar to HFJV. Such a relationship has also been found when frequencies greater than 200 b.p.m. were used during high frequency oscillation (Rossing et al., 1981) . Moreover, when a constant respiratory frequency is used during HFJV, Paco, decreases as the injected volume is increased by alterations to either the I:E ratio or the driving pressure . However, we should point out that, in our study, Pa C Oi was higher with technique B than with technique A, despite the fact that the injected volume was greater in the former. This clearly suggests that technique B was associated with smaller tidal volumes related to a decrease in the volume of entrained gas. Such results are in keeping with theoretical statements suggesting that the driving pressure, rather than the i:E ratio, is the primary determinant of gas entrainment (Robinson, 1963) . From our results, it is obvious that the use of a PEEP valve interferes with the elimination of carbon dioxide. Since the desired value of P AW in technique C was obtained in pan by adding a threshold resistor on the expiratory line, the I:E ratio and the driving pressure had to be decreased. A marked decrease in the jet gas volume delivered by the ventilator resulted (table II) . It is probable that the entrainment of gas decreased also-mainly because the gas velocity at the jet nozzle (a primary determinant of entrainment) decreased with the decrease in driving pressure. The PEEP valve itself could also have contributed to the decrease in gas entrainment (Carlon et al., 1981) . Consequently, technique C probably induced a marked decrease in tidal volume which in turn decreased the elimination of carbon dioxide. Since respiratory frequency was kept constant, respiratory acidosis occurred. It is obvious that normocapnia could have been regained by increasing the tidal volume, by decreasing respiratory frequency ). However, in turn, this would have increased the peak airway pressure, leading to an increased risk of pulmonary barotrauma. Consequently, this solution seems less advantageous than the use of technique A.
Several practical conclusions concerning the choice of ventilatory settings during the use of HFJV in acute respiratory failure can be drawn from this study. To obtain the P AW necessary to improve pulmonary oxygen exchange, carbon dioxide can be eliminated more effectively by increasing the driving pressure than by increasing the I: E ratio or using a PEEP valve. In general, the I:B ratio should be set around 0.43, while the increase in driving pressure should serve to attain the desired value of P A w With such ventilatory settings, respiratory frequencies of around 250 b.p.m. can be used safely and routinely in critically ill patients. If a PEEP valve or a higher I:E ratio is used to obtain the same P AW , the driving pressure will have to be decreased and, consequently, respiratory frequency will have to be decreased also to avoid hypercapnia. Since the main advantage of using the highest appropriate respiratory frequency at a fixed value of P AW is to decrease peak airway pressure and so limit pulmonary barotrauma, the value of using PEEP valves or high I:E ratios during HFJV is debateable.
